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In small populations, drift results in a loss of genetic variation, which reduces
adaptive evolutionary potential. Furthermore, the probability of consanguineous
mating increases which may result in inbreeding depression. Under certain circum-
stances, balancing selection can counteract drift and maintain variation at key loci.
Identifying such loci is important from a conservation perspective and may provide
insight into how different evolutionary forces interact in small populations. Toll-
like receptor (TLR) genes play a pivotal role in vertebrate innate immune defence
by recognizing invading pathogens. We characterize TLR variation in the Sey-
chelles warbler (SW) Acrocephalus sechellensis, an endangered passerine that
recently suffered a population bottleneck. Five of seven TLR loci were polymor-
phic, with one locus (TLR15) containing four functional variants and showing an
excess of heterozygotes. Haplotype-level tests failed to detect selection at these
loci, but site-specific tests detected signatures of positive selection within TLR3
and TLR15. After characterizing variation (excluding TLR15) in 5–6 other Acro-
cephalus species, we found that TLR variation was positively correlated with popu-
lation size across species and followed the pattern observed at neutral
microsatellite loci. The depauperate TLR variation observed suggests that even at
important immunity-related loci, balancing selection may only attenuate the over-
riding effects of drift. However, in the SW, TLR15 appears to be an outlier and
warrants further investigation. The low levels of TLR variation may be disadvanta-
geous for the long-term viability of the SW and conservation measures that maxi-
mize the retention of the variation should be considered.
Introduction
Analysis of genetic variation within and among populations
can provide important insight into the evolutionary and
demographic history of a species (Garrigan & Hedrick,
2003; Piertney & Webster, 2010; Sutton et al., 2011). Levels
of variation also provide an indication of a population’s
adaptive potential and viability (Frankham et al., 1999). In
demographically stable populations, genetic variation will
reach a mutation–selection–drift balance given sufficient evo-
lutionary time (Kimura & Ohta, 1969). However, balancing
selection is said to have occurred when genetic variation at a
locus is maintained at a higher level than expected based on
the amount of drift affecting the population (Takahata, 1990;
Takahata & Nei, 1990; Takahata, Satta & Klein, 1992).
Identifying when and where balancing selection occurs can
provide insight into the function and importance of specific
loci and help us to understand the evolutionary pressures
affecting a population (Oleksiak, Churchill & Crawford,
2002; Mitchell-Olds & Schmitt, 2006). Understanding the
potential for critical genetic variation to be maintained within
small, isolated populations where drift is strong (Lacy, 1987;
Franklin & Frankham, 1998; van Oosterhout et al., 2006) is
important from a conservation perspective (Young, Boyle &
Brown, 1996; Tompkins, 2007; Willi et al., 2007; Grueber,
Wallis & Jamieson, 2013). Studies that determine the level
of functional variation at key loci in populations can eluci-
date where within and among individual polymorphism is
important (such as those involved in the immune response).
It can also identify where lack of polymorphism may under-
lie potential vulnerability to future stresses, such as hindering
adaptation to novel pathogen infections (Frankel, 1974;
Hedrick, 2001). The results from these studies can then feed
into policy-making decisions when assessing the long-term
viability of fragmented and bottlenecked populations. For
example, where evidence of unusually low levels of variation
at immune genes is found, genetic augmentation from other
populations may be considered (e.g. Franklin et al., 2009).
Pathogen-mediated selection (PMS) has been proposed to
be a major driver of balancing selection given the strong
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co-evolutionary relationship between pathogens and their
hosts (Jeffery & Bangham, 2000; Bernatchez & Landry,
2003). This idea is well-supported by various studies that
have identified elevated levels of variation at specific
immune genes within a range of taxa (Hoelzel et al., 1993;
Luikart et al., 1998; Frankham et al., 1999; Hansson &
Richardson, 2005). Three main non-mutually exclusive
mechanisms of PMS (i.e. heterozygote advantage, rare allele
advantage and fluctuating selection) (Doherty & Zinkernagel,
1975; Hill et al., 1991; Slade & McCallum, 1992 respec-
tively) have been put forward to explain how genetic varia-
tion may be maintained at these immune genes (for reviews,
see Potts & Slev, 1995; Hedrick, 2002; Spurgin & Richard-
son, 2010). Other forces such as sexual selection (Fisher,
1915; Andersson, 1994) and selection against any mutational
load associated with highly polymorphic genes (van Ooster-
hout, 2009) can act on top of this, and have the potential to
interact and exacerbate the overall effect on genetic variation
(see Brouwer et al., 2010; Netea, Wijmenga & O’Neill,
2012; Ejsmond et al., 2014).
Many studies which use a candidate gene approach to
investigate balancing selection have focused on major histo-
compatibility complex (MHC) genes (for reviews, see Piert-
ney & Oliver, 2006; Spurgin & Richardson, 2010), both due
to their central role in the acquired immune response and
because of the exceptional levels of polymorphism observed
at these loci (Hedrick, 1994; Meyer & Thomson, 2001).
However, population genetic inference of selection is diffi-
cult in this multigene family because of the complications
caused by various phenomena including frequent gene dupli-
cation (Jeffery & Bangham, 2000; Hess & Edwards, 2002),
gene conversion (Ohta, 1995; Spurgin et al., 2011), epistasis,
strong linkage and high mutational load (van Oosterhout,
2009). In contrast, studies on variation at innate immune sys-
tem genes within wild populations are relatively scarce (Ace-
vedo-Whitehouse & Cunningham, 2006), yet these genes are
thought to have a simple genomic architecture and evolution.
This reduces the confounding effects of the other factors out-
lined above. Furthermore, innate immune genes play a piv-
otal role as the first line of defence in vertebrate immunity
and there is evidence that they can be under balancing selec-
tion (Schlenke & Begun, 2003; Ferrer-admetlla et al., 2008;
Mukherjee et al., 2009).
Toll-like receptors (TLRs) are membrane-bound sensors of
the innate immune system that recognize distinctive molecu-
lar features of invading microbes (for review, see Jin & Lee,
2008). They bind to pathogen-associated molecular patterns
(PAMPs), thus triggering an intracellular signal cascade to
activate an appropriate immune response (Takeda & Akira,
2005). TLRs are divided into six families based on the types
of PAMPs they bind to: lipoproteins, diacylated lipoproteins,
double-stranded RNA, lipopolysaccharides, flagellin and cyc-
lic compounds like nucleic acids or other DNA motifs
(Roach et al., 2005). In vertebrates, TLRs link the innate
and adaptive immune system, working with both modes of
immune defence (Schnare et al., 2001; Roach et al., 2005).
Recent studies show that polymorphisms at TLR loci can
have a direct effect on resistance/susceptibility to pathogen
infection across a range of vertebrate groups (see Creagh &
O’Neill, 2006; Vinkler et al., 2009; Franklin et al., 2011).
Consequently, PMS is thought to maintain variation at these
genes and positive selection at TLR genes has been shown
in fish (Palti, 2011), mammals (Nakajima et al., 2008; Areal,
Abrantes & Esteves, 2011; Tschirren et al., 2013) and birds
(Downing et al., 2010; Alcaide & Edwards, 2011; Grueber,
Wallis & Jamieson, 2014; Grueber et al., 2015).
Wild birds have been the focus of many evolutionary and
ecological studies (for reviews, see Zelano & Edwards,
2002; Kaiser, 2007, 2010; Fuller et al., 2012). The samples
and data from such studies now provide excellent systems in
which to investigate the causes and consequences of innate
immune gene variation under natural conditions. A study of
variation at avian TLR genes across outbred passerines found
evidence that balancing selection was responsible for main-
taining variation at these loci (Alcaide & Edwards, 2011).
Another study on a bottlenecked population of a single spe-
cies showed that TLR variation was elevated compared to
overall genetic diversity (Grueber et al., 2013). However,
other studies have emphasized a more dominant role of drift
(Grueber et al., 2014; Gonzalez-Quevedo et al., 2015).
Here, we characterize variation at seven TLR genes in the
bottlenecked population of the Seychelles warbler (SW),
Acrocephalus sechellensis and use traditional population
genetic statistical tests to search for signatures of selection
within whole sequences. Furthermore, we compare this varia-
tion to patterns of neutral variation within the SW and a
close congeneric species that is widespread across the
Palearctic, the great reed warbler (GRW) A. arundinaceus.
We then characterize variation at the TLR loci in 2–8 indi-
viduals in each of 5–6 other Acrocephalus warbler species
and test for signatures of selection at the haplotype level and
at the amino acid site level for each species. We use these
data to investigate whether TLR variation exists despite the
severe bottleneck that the SW population endured when
reduced to c. 26 individuals in the last century (Collar &
Stuart, 1985). We assess whether there is any evidence that
selection has influenced TLR variation in the SW or across
the Acrocephalus genus, and include a comparison of TLR
variation in relation to population size across all of the Acro-
cephalus populations characterized. We then discuss how
variation at these critical loci may be important for the long-
term viability of the SW by maximizing its adaptive poten-
tial and long-term persistence.
Materials and methods
Study species and sampling
The SW is a small (c. 12–15 g) insectivorous passerine bird
endemic to the Seychelles islands (Safford & Hawkins,
2013). Due to anthropogenic effects, by the 1960s, the SW
was reduced to just one population of c. 26 individuals
remaining on the island of Cousin (Collar & Stuart, 1985).
As a result, its effective population size was reduced from c.
6900 in the early 1800s to <50 in the contemporary popula-
tion (Spurgin et al., 2014). However, with effective
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conservation management, the population recovered to its car-
rying capacity of c. 320 adults on Cousin by 1982 (Komdeur,
1992) and has since remained relatively stable (Brouwer et al.,
2009; Wright et al., 2014). It has been progressively down-
listed in its IUCN red list status from critically endangered to
near-threatened (IUCN, 2015) with an estimated global popu-
lation of c. 3000 mature individuals spread across five islands,
including four newly established populations (Wright et al.,
2014). The SW has since proved to be an excellent study spe-
cies for evolutionary, ecological and conservation questions
(Komdeur, 1992; Richardson, Burke & Komdeur, 2003; van
de Crommenacker et al., 2011; Barrett et al., 2013). Since
1997, >96% of the Cousin population have been caught and
each bird rung with a unique combination of colour rings and
a metal British Trust for Ornithology ring (Richardson, Burke
& Komdeur, 2002). Birds are aged at first catch according to
their eye colour and behaviour: adult birds are >10 months
old with distinctive reddish-brown eyes compared to the light
brown eyes of a sub-adult aged 5–10 months. Birds
<5 months old have grey eyes. Blood samples (c. 25 lL) are
taken via brachial venipuncture, placed in absolute ethanol in
a 2 mL screw-top Eppendorf tube and stored at 4°C. All of
these protocols were performed in accordance with relevant
guidelines and regulations and approved by the Seychelles
Bureau for Standards, the Seychelles Department of the Envi-
ronment, the non-Governmental organization managing Cou-
sin island (Nature Seychelles) and the University of East
Anglia’s Ethics committee.
TLR variation in the SW
Samples were from putatively unrelated adult birds (>1-year-
old) chosen at random from the contemporary 2000–2008
population. Genomic DNA was extracted using a salt-extrac-
tion method (Richardson et al., 2001). The TLR loci were
selected based on their successful amplification in other
passerine species – principally, the house finch Carpodacus
mexicanus, and New Zealand robin Petroica australis raki-
ura – using locus-specific primers (Alcaide & Edwards,
2011; Grueber & Jamieson, 2013) (Supporting Information
Table S1). These primers target parts of the specific exons
that have leucine-rich repeats, which are associated with
pathogen binding (Table 1). The seven TLR genes that
amplified successfully in the SW (TLR1LA, TLR1LB, TLR3,
TLR4, TLR5, TLR15 and TLR21) were screened in 22–33
individuals. The number of samples needed to identify the
majority of variation at each locus was calculated by rarefac-
tion curves using HPRare v1.0 (Kalinowski, 2005). These
curves are based on the number of alleles discovered with
increasing sample size until the curve reaches an asymptote,
and so the SW sample sizes used imply the point at which
this curve did plateau.
For each locus, PCRs were carried out in 10 lL volume
with genomic DNA at a concentration of c. 10 ng lL1.
Taq PCR Master Mix was used (Qiagen Ltd, Hilden, Ger-
many) which includes: Taq DNA polymerase, QIAGEN
PCR buffer, MgCl2 and ultrapure dNTPs at optimized con-
centrations. PCRs were carried out using the following con-
ditions: 40 s at 94°C, 40 s at the locus-specific annealing
temperature (Supporting Information Table S1), 80 s at
72°C, all repeated for 34 cycles. All PCRs started with an
incubation step of 3 min at 94°C and finished with an incu-
bation step of 10 min at 72°C. All PCR products were elec-
trophoresed on a 2% agarose gel containing ethidium
bromide and visualized to determine successful amplification
of the expected size fragment. Successful samples were sub-
mitted to MWG Operon (Eurofins, Ebersberg, Germany) for
Sanger sequencing. All unique sequences were confirmed by
repeated sequencing across multiple individuals or, where
identified in only one individual, multiple independent PCRs
from that individual.
All sequences were aligned against target sequences of the
given loci/exon from other passerine species, available in the
National Centre for Biotechnology Information (NCBI)
nucleotide database, using BioEdit (Hall, 1999) via ClustalW
codon alignment. Each chromatogram was examined by eye
to identify single-nucleotide polymorphisms (SNPs).
Sequences with multiple SNPs had their haplotypes inferred
using Bayesian PHASE algorithms (Stephens & Donnelly,
2003) in the program DnaSP (Librado & Rozas, 2009), but
given the low levels of polymorphism observed, this could
also be done manually as an error-check for DnaSP phasing,
which does have an error rate of c. 5% (Marchini et al.,
2006). No stop codons or frameshift mutations were detected
in these sequences when translated.
Haplotype-level tests
Amino acid sequences were translated using Mega v5.1
(Tamura et al., 2007). In the SW, all haplotype frequencies
Table 1 Characterizing variation at seven toll-like receptor (TLR) loci in the Seychelles warbler
Locus N Fragment size S H Hd (SD) p (SD) dN dS Ho
TLR1LA (ex 2) 22 531 1 2 0.36 (0.07) 0.0007 (0.0001) 0 1 0.27
TLR1LB (ex 1) 33 750 2 4 0.64 (0.04) 0.0011 (0.0001) 0 2 0.33
TLR3 (ex 4) 28 801 3 5 0.54 (0.06) 0.0012 (0.0001) 2 1 0.25
TLR4 (ex 3) 30 648 0 1 0.00 (0.00) 0.0000 (0.0000) 0 0 0.00
TLR5 (ex 1) 23 741 2 3 0.13 (0.07) 0.0003 (0.0002) 1 1 0.13
TLR15 (ex 1) 30 528 3 4 0.69 (0.02) 0.0017 (0.0001) 3 0 0.73
TLR21 (ex 1) 30 462 0 1 0.00 (0.00) 0.0000 (0.0000) 0 0 0.00
S, number of segregating sites; H, number of haplotypes; Hd, haplotype diversity with SD; p, nucleotide diversity with SD; dN, number of
non-synonymous polymorphisms; dS, number of synonymous polymorphisms; Ho, measure of observed heterozygosity.
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observed at each locus were tested for linkage disequilib-
rium using pairwise log likelihood ratio statistics, and were
tested for deviation from Hardy–Weinberg proportions
using the Markov chain method available in Genepop v.2
(Raymond & Rousset, 1995). FIS values are presented
using Robertson & Hill’s (1984) estimates, which have
lower variance under the null hypothesis compared to the
alternative Weir & Cockerham’s (1984) estimate. DnaSP
was used to calculate basic measures of genetic variation
for each locus for each species: number of sequences (N),
overall number of segregating sites (S), number of unique
haplotypes (H), haplotype diversity (Hd), nucleotide diver-
sity (p) and ratio of synonymous (dS) to non-synonymous
(dN) substitutions.
Neutrality tests were carried out on the SW sequences using
DnaSP, including Tajima’s D (Tajima, 1989), Fu and Li’s F
(Fu & Li, 1993) and the D statistic (Fu, 1996). Tajima’s D is
based on the difference between the number of segregating sites
and the average number of nucleotide differences between hap-
lotypes. Fu and Li’s D statistic is based on the difference
between mutations appearing only once among sequences and
the total number of mutations, whereas the F-statistic is based
on the average number of nucleotide differences between hap-
lotype pairs (k). These tests of selection are averaged over all
sites in the sequence, thus they will be confounded if selection
differs across sites. Moreover, haplotype-level selection tests
can lack power because they are also influenced by population
history and so are not able to detect relatively weak signatures
of selection (Pond & Frost, 2005).
Neutral variation in the SW
A total of 10 supposedly unbiased microsatellite markers
have been screened previously to determine relative levels of
neutral variation in the SW A. sechellensis (SW), the GRW
A. arundinaceus and the Basra reed warbler A. griseldis
(Hansson & Richardson, 2005), three closely related con-
generic species. These markers were originally chosen to be
free of any ascertainment bias, that is, not selectively chosen
based on their polymorphism characteristics in any of the
given species, unlike the larger set of microsatellites com-
monly used in the SW (Richardson et al., 2000). Here, we
used these microsatellite data to assess the general pattern of
loss of variation at specific TLR loci compared to that
observed at for neutral variation in the SW. We also com-
pared differences in the levels of neutral and TLR diversity
between the SW and the widespread congeneric GRW and
used a generalized linear model (GLM) analysis to assess if
significant difference in the relative levels of these types of
variation existed between the species (by testing for an inter-
action between the type of marker/variation being measured,
and the species/demography being sampled).
TLR variation in other Acrocephalus
species (other warblers)
To help identify signatures of selection within TLR loci and
assess variation at the genus level (Acrocephalus), the same
TLR loci as above were screened in 2–8 individuals from
each of the GRW A. arundinaceus, Eurasian reed warbler
A. scirpaceus, Australian reed warbler A. australis, sedge
warbler A. schoenobaenus, Cape Verde warbler A. brevipen-
nis and Henderson’s Island warbler A. taiti; hereafter, collec-
tively referred to as ‘other warblers’ (OW). The sequencing
protocols outlined above for the SW were used but with dif-
ferent optimized annealing temperatures for each OW species
(Supporting Information Table S1). However, some loci
proved problematic to optimize even when different combi-
nations of primers were trialled (Grueber & Jamieson, 2013),
both for the SW and the other Acrocephalus species investi-
gated. As a result, TLR15 was dropped from the OW com-
ponent of this study. DnaSP was used to calculate basic
measures of genetic variation for each locus for each species
in the same way as outlined for the SW. Note that when
referring to the OW species (in shorthand for ‘other war-
blers’), we did not lump sequences of the different species
together in the statistical analyses.
Haplotype-level tests
For all Acrocephalus species, the occurrence of gene conver-
sion was estimated for each locus in DnaSP, which incorpo-
rates an algorithm (Betran et al., 1997) to detect gene
conversion tracts from multiple differentiated populations (re-
ferred to as subpopulations). Recombination rates were also
estimated using the recombination parameter R = 4Nr (for
autosomal loci of diploid organisms) (Hudson, 1987) where
N is the population size and r is the recombination rate per
sequence (per gene). The estimator is based on the variance
of the average number of nucleotide differences between
pairs of sequences, S2k (Hudson, 1987, equation 1). The
minimum number of recombination events is estimated based
on these calculations (Hudson & Kaplan, 1985).
Site-specific tests
Z-tests of selection were carried out in Mega v5.1 (Tamura
et al., 2007) to identify selection based on dN/dS across species
(Kryazhimskiy & Plotkin, 2008); first using just the OW spe-
cies and then also including the SW. This is a codon-based test
that can account for selective waves with different direction or
intensity on specific sites (see Burgarella et al., 2012). Addi-
tionally, we assessed evidence of selection at codons within
each TLR locus across the Acrocephalus genus using phyloge-
netically controlled selection tests. The HyPhy package avail-
able on DataMonkey (Delport et al., 2010) was used to run
different models (for review, see Kosakovsky Pond & Frost,
2005) to identify individual sites under selection based on dN/
dS ratios at each codon across: (1) SW (2) OW and (3) SW +
OW. However, on the basis of detecting potential recombina-
tion events as outlined above, Genetic Algorithm Recombina-
tion Detection (GARD) analysis was also carried out for the
sequences of all loci for the SW, OW and SW + OW. This
analysis is a precursor to the selection detection tests so that in
the event of detecting recombination, any recombination effects
are accounted for in the models (Pond et al., 2006). Two
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selection detection models were run: (1) mixed effects model
of evolution (MEME), a mixed effects model of evolution with
a significance level threshold of 0.1 and used to detect episodic
positive selection (Murrell et al., 2012) and (2) a fast, uncon-
strained bayesian approximation (FUBAR) model using a Mar-
kov chain Monte Carlo routine which has a Bayes factor/
posterior probability set at 0.9 and detects sites under putative
selection (Murrell et al., 2013). Only sites identified under both
models were taken into consideration.
Investigating mainland and island endemic
Acrocephalus species
The Acrocephalus species examined have a range of demo-
graphic and evolutionary histories (for overview, see
Schulze-Hagen & Leisler, 2011). The GRW, Eurasian reed
warbler, Australian reed warbler and sedge warbler are all
migrant species from large outbred populations classified as
‘under least concern.’ Estimated European populations are
950 000, 3.1 and 2.3 million for the GRW, Eurasian reed
warbler and sedge warbler respectively (after Hagemeijer &
Blair, 1997; BirdLife International 2015). The Australian
Reed warbler is widespread across Australia, New Guinea
and South-West Asia, and we have used a population census
size estimate of 1.5 million based on existing literature (del
Hoyo, Elliott & Christie, 2006; BirdLife International 2015).
These four species can be categorized as ‘mainland.’ The
Cape Verde warbler and Henderson’s Island warbler are two
other island species with restricted, but at the present time
stable populations estimated at 1000–1500 (Schulze-Hagen
& Leisler, 2011) and c. 7000 individuals (Brooke & Hartley,
1995; Birdlife International 2015) respectively. These two
species and the SW are categorized as ‘island’ species.
We tested for differences in TLR variation between main-
land and island species using Welch’s t-tests of unequal vari-
ances in R (R Core Team, 2015) and we investigated the
relationship between consensus population size and TLR varia-
tion using a regression analysis in Sigmaplot (Systat Software
Inc., London, UK). This was run for (1) all TLR variation
observed and (2) only TLR variation resulting in a change at
the amino acid level (hereafter termed functional variation).
TLR variation is measured as ‘haplotype diversity’, which is
the uniqueness of a haplotype in a given subset/population of
individuals including a measure of the relative haplotype fre-
quency (xi) in the sample of individuals and can account for
differences in sample size (N) (Nei, 1987).
In order to assess sequence evolution at each TLR locus
within and across the different species, we constructed maxi-
mum-likelihood trees for each locus with 1000 bootstrap
replications in Mega v4.0 (Tamura et al., 2007). The trees
were based on nucleotide variation (given the sequences
were all <1 kb) under the general time reversible substitution
model (Nei & Kumar 2000). Sequences of non-Acrocephalus
avian species, obtained from the NCBI database, were used
to root the tree: Carpodacus mexicanus (house finch), Pet-
roica australis rakiura (Stewart Island robin), Taeniopygia
guttata (zebra finch), Picoides pubescens (downy wood-
pecker), Philesturnus carunculatus (saddleback), Accipiter
cooperii (Cooper’s hawk), Falco naumanni (lesser kestrel),
Anas platyrhynchos (mallard) and Gallus gallus domesticus
(domestic chicken) (Supporting Information Table S2).
Results
TLR variation in the SW
Table 1 characterizes the variation observed at the seven loci
amplified in the SW. TLR4 and TLR21 were monomorphic
in the 30 individuals screened for these loci. TLR1LA,
TLR1LB, TLR3, TLR5 and TLR15 were polymorphic (Fig. 1,
Supporting Information Fig. S1). TLR15 was the only locus
where all the variation observed (at three segregating sites)
was non-synonymous, resulting in four different amino acid
haplotypes and multiple changes to the characteristics of the
encoded protein (Supporting Information Table S3). TLR15
had considerably higher heterozygosity compared to (1) other
TLR loci (TLR15 Ho = 0.73, mean TLR Ho = 0.24) and (2)
compared to microsatellite loci (mean microsatellite
Ho = 0.4) (Supporting Information Table S4). In the SW,
three loci deviated from Hardy–Weinberg proportions:
TLR1LB and TLR3 had a deficiency of heterozygotes
(TLR1LB: FIS = 0.372, P = 0.002; TLR3: FIS = 0.186,
P = 0.031) and TLR15 had a heterozygote excess
(FIS = 0.061, P = 0.017) (Supporting Information Fig. S1).
None of the pairwise combinations of loci tested positive for
linkage disequilibrium. At the haplotype level, none of the
tests could reject neutral evolution when performed on the
limited numbers of alleles found at each of the five polymor-
phic TLR loci within the SW (all tests P > 0.1) (Supporting
Information Table S6).
Neutral variation in the SW
The pattern of relative levels of variation observed in the
SW (an island bottlenecked species) compared to the GRW
(a mainland migratory species) was similar for both
Locus
















Figure 1 Observed and expected heterozygosity across toll-like
receptor (TLR) loci in the contemporary Seychelles warbler
population.
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microsatellite loci (neutral variation) and TLR loci (excluding
TLR15) (Fig. 2). In both cases, the GRW had higher levels
of variation compared to the SW. The GLM analysis found
that being an island or mainland population, and its interac-
tion with the type of variation (neutral or TLR) was not sig-
nificant (Supporting Information Table S5). In striking
contrast, at TLR15 levels of haplotype diversity were high
(considerably higher than the other TLRS in the SW or in
the OWs) highlighting the difference between TLR15 and the
other TLR loci in the SW.
TLR variation across Acrocephalus species
(OW)
Table 2 characterizes the variation observed at the same six
TLR loci (excluding TLR15 which did not amplify) in the
other Acrocephalus species populations (OW).
Site-specific selection tests
The Z-tests based on dN/dS across haplotypes failed to
detect selection in both the SW and in the OWs (Supporting
Information Table S7). The phylogenetic tests for selection
at individual sites were performed at three levels: within the
SW only, across the other warblers excluding the SW (OW)
and finally across the entire dataset (SW + OW). Using the
SW TLR sequences, GARD analysis failed to detect any evi-
dence of recombination using a site-by-site analysis. This
meant we could proceed to use the selection detection mod-
els as normal. TLR1LB and TLR5 each had a single site
identified as being under putative purifying selection accord-
ing to the FUBAR model. This model also identified a sin-
gle site at both the TLR3 and TLR15 loci to be under
putative positive (balancing) selection (Table 3), of which
the site at TLR15 in the SW was also identified as being
under positive selection in the MEME model (Supporting
Information Fig. S2).
When the OW TLR sequences were examined (excluding
the SW) with the FUBAR model, the same site at TLR1LB was
identified as being under purifying selection along with an
additional site, while three other sites were identified to be
under putative positive selection at TLR1LB (Table 3). One of
these sites was confirmed using the episodic positive selection
MEME model. As for TLR5, the one site under purifying selec-
tion identified in the SW was not identified in the OW, but re-
appeared when considering all Acrocephalus species, so must
be SW-specific. When considering OW, the one site found to
be under position selection at TLR3 in the SW was also found,
as well as two sites under purifying selection.
The same analyses could not be carried out for TLR1LA
since less than three unique haplotype sequences were
detected in the SW. However, in the OW and OW including
the SW, one site was identified to be under positive selection
and four sites under purifying selection at this locus across
the genus. For TLR4 and TLR21 (two loci which were
monomorphic in the SW), no sites were identified to be
under positive selection across the Acrocephalus genus.
However, several sites were identified to be under purifying
selection (TLR4 n = 4, TLR21 n = 2) (Table 3). For all loci
tested, all sites detected by the MEME model to be under
episodic positive selection were also detected by the putative
selection FUBAR model.
Investigating mainland and island endemic
Acrocephalus species
There was significantly more variation present at TLR loci
(excluding TLR15) in the mainland migratory species –
A. australis, A. arundinaceus, A. schoenobaenus and A. scir-
paceus – than observed in the island endemic species includ-
ing A. brevipennis, A. sechellensis and A. taiti (Fig. 3). This
was the case for the number of segregating sites
S (t = 2.75, d.f. = 6, P = 0.032) and number of unique
haplotypes H (t = 2.99, d.f. = 6, P = 0.023). Post hoc
Tukey tests show that levels of variation averaged across all
TLR loci (measured as S and H) in the SW did not differ
significantly to those observed in the other island endemics,
although there was a tendency to have lower variation than
in A. brevipennis (Tukey HSD: mean difference in
S = 0.268, P = 0.076; mean difference in H = 0.308,
P = 0.074) but not in A. taiti (Tukey HSD: mean difference
in S = 0.052, P = 0.891; mean difference in H = 0.148,
P = 0.496).
Across the Acrocephalus species sampled, census popula-
tion size significantly predicted mean TLR haplotype diver-
sity for all nucleotide variation (t = 4.96, d.f. = 6,
P = 0.04) (Fig. 4a). This pattern became non-significant
when only considering amino acid variation, that is, dN
substitutions only (t = 1.55, d.f. = 6, P = 0.18) (Fig. 4b)
most likely due to a lack of power. Overall, the mainland
species had more variation across the TLR gene family in
comparison with the island endemic species with the mean
number of alleles observed per locus for mainland Acro-


























Figure 2 Comparison of the patterns of variation in the Seychelles
warbler and great reed warbler representing ‘bottlenecked island’
and ‘mainland’ species, respectively, between neutral microsatellite
markers and toll-like receptor (TLR) loci.
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Neighbour-joining trees showed distinct segregation to the
level of genus for all TLR loci analysed, supported by high
bootstrap values between 76 and 100% (with the exception
of TLR21 at 49%). All Acrocephalus species screened were
clearly out-grouped not only from all non-passerine species,
including those from Falconidae and the Galliformes but
also from other Passeriformes families like Fringillidae and
Turdidae. Within the Acrocephalus genus variation within
each TLR locus did not separate out by particular species.
None of the loci showed evidence of gene conversion as no
conversion events were identified for any of the pairwise
combinations of alleles tested in any of the species for any
of the loci. However, at least one recombination event
appears to have occurred in each of the four TLR genes in
the evolution of these Acrocephalus warblers (TLR1LB,
TLR3, TLR4 and TLR15) (minimum number of recombina-
tion events identified between specific sites = 2, 1, 2, 2
respectively).
Discussion
We characterized variation at seven TLR immune genes in
the bottlenecked population of the SW. Two of these loci
were monomorphic while five polymorphic loci had 2–5
alleles each. Across the TLR loci levels of variation were,
on average, as low as levels of variation observed at neutral
loci (Hansson & Richardson, 2005). The same proportion of
TLR loci (5/7; 71%) and microsatellite loci (7/10; 70%)
were polymorphic, and the average levels of variation were
similar at 2.5 alleles observed at microsatellite loci to 2.9
alleles observed at the TLR loci in the SW. Whole-sequence
selection tests failed to reject the null hypothesis of neutral
evolution, indicating that if selection was occurring, the
effects were modest and the sample size in this study was
not sufficient to detect it. Furthermore, the relative paucity
of TLR variation in the SW compared to that observed in
the non-bottlenecked congeneric GRW population was in
line with the different levels of neutral variation observed
across the two species. Although we recognize that the muta-
tional characteristics (including the mutation rate) differ dra-
matically between TLRs and microsatellite markers, we
made this comparison to illustrate how genetic drift appears
to be the overriding evolutionary force governing TLR varia-
tion in the SW (and other island warbler species). The only
TLR locus to stand out from this overall pattern was TLR15
(see below).
Table 2 Characterizing variation at six toll-like receptor (TLR) loci in a range of other Acrocephalus species: A. arundinaceus, A. australis,
A. brevipennis, A. scirpaceus, A. schoenobaenus and A. taiti
Locus Species N Fragment size S H Hd (SD) p (SD) dN dS
TLR1LA Acbr 5 918 3 3 0.38 (0.18) 0.0007 (0.0004) 3 0
Acta 6 915 0 1 0.00 (0.00) 0.0000 (0.0000) 0 0
Acar 5 756 4 2 0.36 (0.16) 0.0019 (0.0008) 3 1
Acau 8 843 6 7 0.82 (0.01) 0.0017 (0.0002) 5 1
TLR1LB Acbr 5 948 3 3 0.51 (0.16) 0.0008 (0.0003) 2 1
Acta 6 951 1 2 0.49 (0.11) 0.0005 (0.0001) 1 0
Acar 4 558 6 3 0.71 (0.12) 0.0051 (0.0009) 3 3
Acau 8 954 5 7 0.74 (0.11) 0.0012 (0.0003) 5 0
Acsc 5 780 2 3 0.69 (0.10) 0.0011 (0.0002) 1 1
Acsch 4 792 1 2 0.49 (0.17) 0.0005 (0.0002) 1 0
TLR3 Acbr 5 942 0 1 0.00 (0.00) 0.0000 (0.0000) 0 0
Acta 6 777 1 2 0.30 (0.15) 0.0004 (0.0002) 1 0
Acar 5 642 2 3 0.64 (0.10) 0.0011 (0.0003) 0 2
Acau 6 888 1 2 0.30 (0.15) 0.0003 (0.0002) 1 0
Acsc 4 720 1 2 0.25 (0.18) 0.0004 (0.0003) 0 1
Acsch 2 836 0 1 0.00 (0.00) 0.0000 (0.0000) 0 0
TLR4 Acbr 4 659 6 3 0.46 (0.20) 0.0034 (0.0014) 0 6
Acta 6 672 1 2 0.17 (0.13) 0.0003 (0.0002) 1 0
Acar 2 660 1 2 0.50 (0.27) 0.0008 (0.0004) 0 1
Acau 8 660 2 3 0.51 (0.17) 0.0009 (0.0002) 2 0
Acsc 5 655 11 9 0.98 (0.05) 0.0059 (0.0008) 6 5
Acsch 3 617 6 5 0.93 (0.12) 0.0040 (0.0012) 2 4
TLR5 Acbr 3 423 0 1 0.00 (0.00) 0.0000 (0.0000) 0 0
Acta 5 501 3 2 0.36 (0.16) 0.0021 (0.0010) 3 0
Acar 4 459 1 2 0.43 (0.17) 0.0009 (0.0004) 0 1
Acsc 2 504 1 2 0.67 (0.20) 0.0013 (0.0004) 0 1
TLR21 Acar 4 462 1 2 0.25 (0.18) 0.0006 (0.0005) 1 0
Acau 7 462 2 2 0.26 (0.14) 0.0011 (0.0006) 1 1
Island species are separated from the mainland species for each locus by a bold line.
S, number of segregating sites; H, number of haplotypes; Hd, haplotype diversity with SD; p, nucleotide diversity with SD; dS, number of syn-
onymous polymorphisms; dN, number of non-synonymous polymorphisms.
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Next, we compared levels of variation among different
TLR loci in 5–6 other congeneric warbler species (OW) with
varying demographic histories. This comparison excluded
TLR15 which was, unfortunately, problematic to amplify in
the OW species. We found that TLR variation in the SW
(and other island populations) was reduced compared to that
in the large populations of the mainland species (Fig. 3).
This suggests that genetic drift is the main force shaping
TLR variation in the small, previously bottlenecked, isolated
island populations. This result concurs with those above
comparing the SW and GRW, which shows that variation at
most TLR loci has been reduced in line with neutral varia-
tion in the SW species.
Census population size did predict overall levels of
nucleotide variation at TLR loci among different populations
(Fig. 4a), however, this association was weaker (not signifi-
cant) when testing amino acid (functional) variation alone
(Fig. 4b). This difference is explained by the fact that the
island species have much lower levels of overall nucleotide
variation than mainland species, but not so much lower
levels of amino acid variants (Supporting Information
Fig. S2). This may be because a greater proportion of non-
synonymous variation, compared to synonymous variation, is
retained in the bottlenecked populations, perhaps as a result
of balancing selection mitigating the effect of drift on these
functional variants. Alternatively, it may merely be a lack of
power associated with assessing just a subset of all the vari-
ants. Overall, the main effect is clear; there is substantially
less TLR variation within the small bottlenecked island pop-
ulations.
Despite the lack of evidence of any strong signature of
selection, we did find some interesting patterns within
Table 3 Site-specific dN/dS analysis of toll-like receptor (TLR) loci to identify sites under putative selection using the fast unconstrained
Bayesian approximation model (FUBAR) with (1) within the Seychelles warbler (SW), (2) within and across other Acrocephalus species
[other warblers (OW)] including A. arundinaceus, A. australis, A. brevipennis, A. scirpaceus, A. schoenobaenus and A. taiti, and (3)
combining both the SW with OW for analysis
Locus Group # Positive codons Mean dN  dS Mean post prob dN > dS # Negative codons Mean dN  dS Mean post prob dN < dS
TLR1LA SW NA NA NA NA NA NA
OW 1 7.07 0.96 4 5.64 0.92
ALL 1 6.28 0.95 4 5.68 0.93
TLR1LB SW 0 0 0 1 7.25 0.97
OW 3a 7.20 0.96 2 5.51 0.92
ALL 3a 5.82 0.95 3 6.02 0.94
TLR3 SW 1 6.33 0.93 0 0 0
OW 1 3.89 0.91 2 5.50 0.92
ALL 1 5.29 0.92 2 5.06 0.93
TLR4 SW NA NA NA NA NA NA
OW 0 0 0 1 3.16 0.96
ALL 0 0 0 4 3.51 0.97
TLR5 SW 0 0 0 1 4.77 0.91
OW 0 0 0 0 0 0
ALL 0 0 0 1 5.25 0.91
TLR15 SW 1a 6.38 0.93 0 0 0
OW NA NA NA NA NA NA
ALL 2a 7.33 0.95 5 4.70 0.90
TLR21 SW NA NA NA NA NA NA
OW 0 0 0 2 5.29 0.93
ALL 0 0 0 2 5.22 0.93






















Nucleotide variation (dN and dS)
Amino acid variation (dN only)
Figure 3 Levels of variation observed across toll-like receptor (TLR)
loci in island (A. brevipennis, A. sechellensis and A. taiti) compared
to mainland Acrocephalus species (A. arundinaceus, A. australis,
A. scirpaceus and A. schoenobaenus): (1) number of segregating
sites (S) and (2) number of unique haplotypes (H). S and H are an
average measure taken across all individuals included in the island
and mainland groups. Standard error bars are presented OR mean
toll-like receptor (TLR) haplotype diversity compared directly
between bottlenecked island species and mainland migratory spe-
cies from the Acrocephalus genus.
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specific loci. For example, in the SW, TLR15 appeared to
have a bias towards retaining potentially functional (amino
acid) variants, with all four sequence variants detected
encoding different amino acid sequences. TLR15 was a clear
outlier to the other TLR loci in terms of levels of variation
in the SW (Fig. 1), and was the only locus to show a signif-
icantly deviation from Hardy–Weinberg proportions as a
result of an excess of heterozygotes. This may be a result of
heterozygote advantage (Supporting Information Fig. S1), a
mechanism of balancing selection that has been found to act
on immunogenetic variation in various species (Hedrick,
2002; Worley et al., 2010; Niskanen et al., 2013). Note,
however, that rare allele advantage (i.e. negative frequency
dependent selection) can also result in an excess of heterozy-
gotes and relatively homogenous allele frequency distribu-
tions. TLR15 also retained more variation in the bottlenecked
SW compared to that observed at neutral markers or the
other TLR loci in the other island Acrocephalus species
(where variation was consistently low). Again, this pattern
may be indicative of balancing selection overriding the
effects of drift at TLR15 in the SW.
The low levels of variation at TLR loci in the SW and
other Acrocephalus may explain why the haplotype-level
neutrality tests failed to detect any strong signatures of posi-
tive selection in, or across, these species. Haplotype-based
neutrality tests have been much criticized for their limitations
and lack of power for detecting selection (Vasemagi & Prim-
mer, 2005; Leffler et al., 2012; Li et al., 2012), which, given
the limited sequence data available from the genetically
depauperate population of the SW (and other bottlenecked
species A. brevipennis and A. taiti), may explain our results.
Furthermore, haplotype-level tests based on the allele fre-
quency spectrum make strong inferences about the popula-
tions’ demography, such as constant population size
(Nielsen, 2005). The SW population, which has been
expanding rapidly since it was reduced to c. 26 individuals
in the 1960s (Wright et al., 2014), does not comply with
these assumptions.
Selection was identified at individual sites within the
exons of the TLR loci examined. In the SW, both TLR3 and
TLR15 had individual sites identified as being under positive
selection, and these sites were confirmed to be under selec-
tion across the Acrocephalus genus. An additional site at the
TLR15 locus was also identified in the OW species but not
in the SW. TLR15 was also the locus under the relatively
greatest amount of selection overall with sites for both posi-
tive and purifying selection. This pattern of different sites
within the exon showing signatures of different types of
selection is probably because some of the sites are directly
involved in PAMP binding while others may be important in
determining the overall shape and configuration on the mole-
cule and thus conserved (Bell et al., 2003; Werling et al.,
2009; Kawai & Akira, 2010). Therefore, codons within the
same exon have the potential to mask opposing selection
forces from being detected (Good et al., 2013). While such
codon-based tests across species provide considerable power,
there are caveats. For example, the signatures they detect
will be of past selection caused by pressures that may no
longer be acting (Yang & Bielawski, 2000). The tests cannot
resolve whether the variation observed is currently under
selection in the contemporary population. Many sites that
were shown to be under negative (purifying) selection across
the other Acrocephalus species were also found to be under
negative selection in the SW. Theory predicts that while the
intensity of (positive) selection on the innate immune genes
may fluctuate in space and time, depending on the selective
pressures exerted by pathogens, purifying selection is a con-
stant evolutionary force that preserves the functionality of
these genes (Kimura & Ohta, 1969; Ohta, 2002; Mukherjee
et al., 2009). This may explain the different results we
obtained for positively and negatively selected sites in the
SW, in that signals of negative selection were clearer
because they came out stronger than the potentially weaker
signals of balancing selection.
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Figure 4 Mean toll-like receptor (TLR) haplotype diversity (Hd) in
relation to census population size across seven Acrocephalus
species, abbreviated with the first two letters from the genus and
species names: A. arundinaceus, A. australis, A. brevipennis,
A. scirpaceus, A. schoenobaenus, A. sechellensis and A. taiti.
Regression lines are denoted by dashed lines and standard error
bars are presented. (a) Looks at all haplotype diversity and (b)
focuses on functional haplotypes only.
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One may question why selection has not maintained more
variation at the immunologically important TLR loci in the
SW (or other island species). Despite considerable screening
efforts, no gastrointestinal parasites or virus infections and
only one blood parasite – a single strain of avian-malaria
(GRW1) – have been detected in the SW population (Hutch-
ings, 2009). This contrasts markedly with the diversity of
pathogens found in most mainland avian populations, but is
normal for remote (bottlenecked) island populations (Stead-
man, Greiner & Wood, 1990; Coltman et al., 1999; V€ogeli
et al., 2011). Since pathogen-mediated balancing selection is
thought to be the force maintaining variation at immune
genes (Turner et al., 2012; Westerdahl et al., 2012; Grueber
et al., 2014), the paucity of pathogens could help explain
why drift appears to be the predominant force shaping TLR
variation in our SW population (V€ogeli et al., 2011). On the
other hand, a restricted pathogen fauna in the SW may have
actively contributed to the loss of immunogenetic variation.
For example, the lack of variation observed at TLR4 in this
study is notable as this locus has been shown to be involved
in the recognition of Protozoan’s such as haemosporidian
(malaria-like) parasites (Franklin et al., 2011; Basu et al.,
2012), and the only pathogen detected in the SW was a
Haemoproteus (Hutchings, 2009). It is possible that the sin-
gle TLR4 allele remaining in the SW population might have
offered the best protection (or tolerance) against GRW1. In
the absence of multiple strains exerting selection pressures
favouring different alleles, selection may have driven this
allele to fixation at TLR4. So, while the most parsimonious
explanation for a lack of variation may be genetic drift, we
highlight the possibility that PMS could reach a new equilib-
rium in small isolated populations in the form of the com-
plete fixation of a single allele (Robertson, 1962). This effect
of selection could have important implications for conserva-
tion genetics of post-bottlenecked populations with limited
pathogens because immunogenetic variation could be lost
faster than expected based on the drift alone. In support of
this idea, several other studies have found that immuno-
genetic variation eroded faster than neutral variation in
island/fragmented populations (see Bollmer et al., 2011;
Eimes et al., 2011; Sutton et al., 2011).
While TLR polymorphism may be low in the SW, some
variation has been maintained in five of the seven loci
despite its demographic history. All TLRs recognize specific
PAMPs and their different levels of haplotype variation
could reflect the biodiversity of the pathogens they protect
against in a particular population or species. TLR1LA and
TLR1LB recognize lipoproteins in the cell walls of bacteria,
fungi and protozoans (Brownlie & Allan, 2011). In the SW,
TLR1LB was the only TLR gene that showed convincing
evidence for purifying selection, although TLR5 did have
one site identified. TLR1LA only had two synonymous alle-
les, while TLR5 – which has been shown to recognize the
flagella of bacteria in other species (Andersen-Nissen et al.,
2007) – had three apparently functionally different alleles.
TLR3 and TLR15 had the highest levels of variation and
these were the only loci at which any sites were identified
as being positively selected in the SW. TLR3 is involved in
sensing viral RNA (Uematsu & Akira, 2008), whereas
TLR15 – a gene unique to birds – appears to be important in
the recognition of intracellular parasites, including haemo-
sporidian parasites (Boyd, Philbin & Smith, 2007). Further
investigations into how individual variation at TLR15 influ-
ences resistance or resilience to haemosporidian infection in
the SW may be worthwhile, particularly given results of
recent studies into malaria infection and MHC genes (similar
to TLRs in function and in molecular structure) in passerines
(see Bensch et al., 2007; Asghar, Hasselquist & Bensch,
2011; Lachish et al., 2011; Asghar et al., 2015; Marzal
et al., 2015) including the closely related A. arundinaceus
(Bensch et al., 2000; Westerdahl et al., 2012).
There has been much debate on the relative roles of genetic
drift and selection in shaping functional variation in natural
populations and importantly, whether balancing selection can
maintain important functional variation even in the face of
strong drift (e.g. Alcaide, 2010; Sutton et al., 2011; Strand
et al., 2012). There is, however, considerable evidence that
drift outweighs selection even at immunologically important
loci where balancing selection would be expected to be most
effective (Miller & Lambert, 2004; Willi et al., 2007; Kuo,
Moran & Ochman, 2009; Grueber et al., 2013; Gonzalez-Que-
vedo et al., 2015). Our data on TLR variation in the SW and
other Acrocephalus species concurs with this general view of
the overriding effect of drift. However, potentially functional
variation does still exist within the SW at some of the TLR loci
(i.e. TLR15). Thus, it is possible that selection may have played
a role in maintaining this variation, though more in-depth stud-
ies are now required to investigate this possibility. Furthermore,
approaches will need to consider how to delineate the relative
effects of drift and selection at these candidate loci during the
bottleneck. Studies undertaken during bottleneck events, and
which identify the cause of selection, will therefore be required
before we can fully understand these dynamics.
In summary, the bottleneck suffered by the SW population
appears to have reduced the levels of variation at TLR genes
in this species. However, some potentially functional varia-
tion still remains (most noticeably at the TLR15 locus) possi-
bly as a result of balancing selection. The limited amount of
variation detected does, however, undermine our ability to
test the significance of such variation. Sequence-based tests
of selection have low statistical power and restrictive
assumptions. Only studies assessing the impact of genetic
variation on individual fitness within the contemporary popu-
lation and/or simulation studies of drift and selection during
bottlenecks will be able to robustly assess the relative contri-
butions of the various evolutionary forces. Such studies
would enable scientists to predict the long-term viability of
fragmented or bottlenecked populations like the SW. This
study illustrates the genetic consequences of a bottleneck
event, and it also suggests that in spite of high levels of
drift, not all variation is necessarily lost. This study focuses
on one population, which sourced four subsequent popula-
tions on isolated islands. This means that we can now look
at TLR variation in each population and how it is changing/
maintained over time, given that each population was
sourced from a population where all individuals are exposed
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to GRW1 (Fairfield et al. 2016 in press). It can be argued
that it is exposure to pathogen-selective pressures like these
which are partly responsible for bottlenecked populations
being able to retain some of their adaptive evolutionary
potential through genetic augmentation. Our findings support
this and must be implemented into the island management
and long-term viability of this species.
Acknowledgments
We thank Nature Seychelles for facilitating the work on Cousin
Island and the Seychelles Bureau of Standards and the Depart-
ment of Environment for permission for sampling and field-
work. We thank a number of collaborators for providing
Acrocephalus DNA samples: Drs Deborah Dawson, Juan Car-
los Illera, Andrew Dixon, Bengt Hansson, Michael Brooke and
Ian Hartley. This work was funded by a VH-C Dean’s PhD
Studentship at the University of East Anglia awarded to DLG
with co-funding from JK (University of Groningen). DSR was
funded by Natural Environmental Research Council grants
(NER/I/S/2002/00712 and NE/K005502/1). CvO is funded by
the Earth and Life Systems Alliance (ELSA).
Data accession statement
All sequences used in the study have been published and are
available in GenBank (accession numbers KM657646–
KM657768 & KP814140).
References
Acevedo-Whitehouse, K. & Cunningham, A.A. (2006). Is
MHC enough for understanding wildlife immunogenetics?.
Trends Ecol. Evol. 21, 433–438.
Alcaide, M. (2010). On the relative roles of selection and
genetic drift in shaping MHC variation. Mol. Ecol. 19,
3842–3844.
Alcaide, M. & Edwards, S.V. (2011). Molecular evolution of
the toll-like receptor multigene family in birds. Mol. Biol.
Evol. 28, 1703–1715.
Andersen-Nissen, E., Smith, K.D., Bonneau, R., Strong, R.K.
& Aderem, A. (2007). A conserved surface on toll-like
receptor 5 recognizes bacterial flagellin. J. Exp. Med. 204,
393–403.
Andersson, M.B. (1994). Sexual selection. New Jersey:
Princeton University Press.
Areal, H., Abrantes, J. & Esteves, P.J. (2011). Signatures of
positive selection in toll-like receptor (TLR) genes in
mammals. BMC Evol. Biol. 11, 368.
Asghar, M., Hasselquist, D. & Bensch, S. (2011). Are chronic
avian haemosporidian infections costly in wild birds?
J. Avian Biol. 42, 530–537.
Asghar, M., Hasselquist, D., Hansson, B., Zehtindjiev, P.,
Westerdahl, H. & Bensch, S. (2015). Hidden costs of
infection: chronic malaria accelerates telomere degradation
and senescence in wild birds. Science 347, 436–438.
Barrett, E.L.B., Burke, T.A., Hammers, M., Komdeur, J. &
Richardson, D.S. (2013). Telomere length and dynamics
predict mortality in a wild longitudinal study. Mol. Ecol. 22,
249–259.
Basu, M., Das, T., Ghosh, A., Majumder, S., Maji, A.K.,
Kanjilal, S.D., Mukhopadhyay, I., Roychowdhury, S.,
Banerjee, S. & Sengupta, S. (2012). Gene-gene interaction
and functional impact of polymorphisms on innate immune
genes in controlling Plasmodium falciparum blood infection
level. PLoS ONE 7, e46441.
Bell, J.K., Mullen, G.E.D., Leifer, C.A., Mazzoni, A., Davies,
D.R. & Segal, D.M. (2003). Leucine-rich repeats and
pathogen recognition in toll-like receptors. Trends Immunol.
24, 528–533.
Bensch, S., Stjernman, M., Hasselquist, D., Ostman, O.,
Hansson, B., Westerdahl, H., et al. (2000). Host specificity
in avian blood parasites: a study of Plasmodium and
Haemoproteus mitochondrial DNA amplified from birds.
Proc. Roy. Soc. Lond. Ser. B. 267, 1583–1589.
Bensch, S., Waldenstr€om, J., Jonzen, N., Westerdahl, H.,
Hansson, B., Sejberg, D., et al. (2007). Temporal dynamics
and diversity of avian malaria parasites in a single host
species. J. Anim. Ecol. 76, 112–122.
Bernatchez, L. & Landry, C. (2003). MHC studies in
nonmodel vertebrates: what have we learned about natural
selection in 15 years? J. Evol. Biol. 16, 363–377.
Betran, E., Rozas, J., Navarro, A. & Barbadilla, A. (1997).
The estimation of the number and the length distribution of
gene conversion tracts from population DNA sequence data.
Genetics 146, 89–99.
BirdLife International (2015) IUCN Red List for birds. http://
www.birdlife.org. Downloaded on 08 March 2015.
Bollmer, J.L., Ruder, E.A., Johnson, J.A., Eimes, J.A. &
Dunn, P.O. (2011). Drift and selection influence geographic
variation at immune loci of prairie-chickens. Mol. Ecol. 20,
4695–4706.
Boyd, A., Philbin, V.J. & Smith, A.L. (2007). Conserved and
distinct aspects of the avian toll-like receptor (TLR) system:
implications for transmission and control of bird-borne
zoonoses. Biochem. Soc. Trans. 35, 1504–1507.
Brooke, M.D.L. & Hartley, I.R. (1995). Nesting Henderson
reed-warblers (Acrocephalus vaughani taiti) studied by
DNA fingerprinting: unrelated coalitions in a stable habitat?
Auk 112, 77–86.
Brouwer, L., Tinbergen, J.M., Both, C., Bristol, R.,
Richardson, D.S. & Komdeur, J. (2009). Experimental
evidence for density-dependent reproduction in a
cooperatively breeding passerine. Ecology 90, 729–741.
Brouwer, L., Barr, I., van de Pol, M., Burke, T., Komdeur,
J. & Richardson, D.S. (2010). MHC-dependent survival in
a wild population: evidence for hidden genetic benefits
gained through extra-pair fertilizations. Mol. Ecol. 19,
3444–3455.
Brownlie, R. & Allan, B. (2011). Avian toll-like receptors.
Cell Tissue Res. 343, 121–130.
ª 2016 The Authors. Animal Conservation 20 (2017) 235–250 published by John Wiley & Sons Ltd on behalf of The Zoological Society of London. 245
D. L. Gilroy et al. TLR variation in the Seychelles warbler
Burgarella, C., NavascuEs, M., Zabal-Aguirre, M., Berganzo,
E., Riba, M., Mayol, M., et al. (2012). Recent population
decline and selection shape diversity of taxol-related genes.
Mol. Ecol. 21, 3006–3021.
Collar, N.J. & Stuart, S.N. (1985). Threatened birds of Africa
and related islands. Cambridge: Tional Council for Bird
Preservation.
Coltman, D.W., Pilkington, J.G., Smith, J.A. & Josephine, M.
(1999). Parasite-mediated selection against inbred Soay Sheep
in a free-living, island population. Evolution 53, 1259–1267.
Creagh, E.M. & O’Neill, L.A.J. (2006). TLRs, NLRs and
RLRs: a trinity of pathogen sensors that co-operate in innate
immunity. Trends Immunol. 27, 352–357.
van de Crommenacker, J., Komdeur, J., Burke, T. &
Richardson, D.S. (2011). Spatio-temporal variation in
territory quality and oxidative status: a natural experiment in
the Seychelles warbler (Acrocephalus sechellensis). J. Anim.
Ecol. 80, 668–680.
Delport, W., Poon, A.F.Y., Frost, S.D.W. & Kosakovsky
Pond, S.L. (2010). Datamonkey 2010: a suite of
phylogenetic analysis tools for evolutionary biology.
Bioinformatics 26, 2455–2457.
Doherty, P.C. & Zinkernagel, R.M. (1975). Enhanced
immunological surveillance in mice heterozygous at the H-2
gene complex. Nature 256, 50–52.
Downing, T., Lloyd, A.T., O’Farrelly, C. & Bradley, D.G.
(2010). The differential evolutionary dynamics of
avian cytokine and TLR gene classes. J. Immunol. 184,
6993–7000.
Eimes, J., Bollmer, J.L., Whittingham, L.A., Johnson, J.A.,
Van Oosterhout, C. & Dunn, P.O. (2011). Rapid loss of
MHC class II variation in a bottlenecked population is
explained by drift and loss of copy number variation. J.
Evol. Biol. 24, 1847–1856.
Ejsmond, M.J., Radwan, J., Wilson, A.B. & Wilson, A.B.
(2014). Sexual selection and the evolutionary dynamics of
the major histocompatibility complex. Proc. Biol. Sci./Roy.
Soc. 281, 20141662.
Fairfield, E.A., Hutchings, K., Gilroy, D.L., Kingma, S.A.,
Burke, T., Komdeur, J. and Richardson, D.S. (2016). The
impact of conservation-driven translocations on blood
parasite prevalence in the Seychelles warbler. Scientific
Reports, 6.
Ferrer-admetlla, A., Bosch, E., Sikora, M., Ramırez-soriano,
A., Muntasell, A., Navarro, A., et al. (2008). Balancing
selection is the main force shaping the evolution of innate
immunity. J. Immunol. 181, 1315–1322.
Fisher, R.A. (1915). The evolution of sexual preference.
Eugen. Rev. 7, 184–192.
Frankel, O.H. (1974). Genetic conservation: our evolutionary
responsibility. Genetics 78, 53–65.
Frankham, R., Lees, K., Montgomery, M.E., England, P.R.,
Lowe, E.H. & Briscoe, D.A. (1999). Do population size
bottlenecks reduce evolutionary potential? Anim. Conserv. 2,
255–260.
Franklin, I.R. & Frankham, R. (1998). How large must
populations be to retain evolutionary potential? Anim.
Conserv. 1, 69–70.
Franklin, B.S., Parroche, P., Ataıde, M.A., Lauw, F., Ropert,
C., de Oliveira, R.B., et al. (2009). Malaria primes the
innate immune response due to interferon-gamma induced
enhancement of toll-like receptor expression and function.
Proc. Natl Acad. Sci. USA 106, 5789–5794.
Franklin, B.S., Ishizaka, S.T., Lamphier, M., Gusovsky, F.,
Hansen, H., Rose, J., et al. (2011). Therapeutical targeting
of nucleic acid-sensing toll-like receptors prevents
experimental cerebral malaria. Proc. Natl Acad. Sci. USA
108, 3689–3694.
Fu, Y.-X. (1996). New statistical tests of neutrality for DNA
samples from a population. Genetics 143, 557–570.
Fu, Y.-X. & Li, W.-H. (1993). Statistical tests of neutrality of
mutations. Genetics 133, 693–709.
Fuller, T., Bensch, S., M€uller, I., Novembre, J., Perez-Tris, J.,
Ricklefs, R.E., et al. (2012). The ecology of emerging
infectious diseases in migratory birds: an assessment of the
role of climate change and priorities for future research.
EcoHealth 9, 80–88.
Garrigan, D. & Hedrick, P.W. (2003). Perspective: detecting
adaptive molecular polymorphism: lessons from the MHC.
Evolution 57, 1707–1722.
Gonzalez-Quevedo, C., Spurgin, L.G., Illera, J.C. &
Richardson, D.S. (2015). Drift, not selection, shapes toll-like
receptor variation among oceanic island populations. Mol.
Ecol. 24, 5852–5863.
Good, B.H., Walczak, A.M., Neher, R.A. & Desai, M.M.
(2013). Interference limits resolution of selection pressures
from linked neutral diversity. PLoS Genet. 10, e1004222.
Grueber, C.E. & Jamieson, I.G. (2013). Primers for amplification
of innate immunity toll-like receptor loci in threatened birds of
the Apterygiformes, Gruiformes, Psittaciformes and
Passeriformes. Conserv. Genet. Resour. 5, 1043–1047.
Grueber, C.E., Wallis, G.P. & Jamieson, I.G. (2013). Genetic
drift outweighs natural selection at toll-like receptor (TLR)
immunity loci in a re-introduced population of a threatened
species. Mol. Ecol. 22, 4470–4482.
Grueber, C.E., Wallis, G.P. & Jamieson, I.G. (2014). Episodic
positive selection in the evolution of avian toll-like receptor
innate immunity genes. PLoS ONE 9, e89632.
Grueber, C.E., Knafler, G.J., King, T.M., Senior, A.M.,
Grosser, S., Robertson, B., et al. (2015). Toll-like receptor
diversity in 10 threatened bird species: relationship with
microsatellite heterozygosity. Conserv. Genet. 16,
595–611.
Hagemeijer, W.J.M. & Blair, M.J. (1997). The EBCC atlas of
European breeding birds. London: T & AD Poyser.
Hall, T.A. (1999). BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT. Nucleic Acids Symp. 41, 95–98.
Hansson, B. & Richardson, D.S. (2005). Genetic variation in
two endangered Acrocephalus species compared to a
246 ª 2016 The Authors. Animal Conservation 20 (2017) 235–250 published by John Wiley & Sons Ltd on behalf of The Zoological Society of London.
TLR variation in the Seychelles warbler D. L. Gilroy et al.
widespread congener: estimates based on functional and
random loci. Anim. Conserv. 8, 83–90.
Hedrick, P.W. (1994). Evolutionary genetics of the major
histocompatibility complex. Am. Nat. 143, 945–964.
Hedrick, P.W. (2001). Conservation genetics: where are we
now? Trends Ecol. Evol. 16, 629–636.
Hedrick, P.W. (2002). Pathogen resistance and genetic
variation at MHC loci. Evolution 56, 1902–1908.
Hess, C.M. & Edwards, S.V. (2002). The evolution of the
major histocompatibility complex in birds. Bioscience 52,
423–431.
Hill, A.V.S., Allsopp, C.E.M., Kwiatkowski, D., Anstey,
N.M., Twumasi, P., Rowe, P.A., et al. (1991). Common
West African HLA antigens are associated with protection
from severe malaria. Nature 352, 595–600.
Hoelzel, A.R., Halley, J., O’Brien, S.J., Campagna, C.,
Arnbom, T., Le Boeuf, B., et al. (1993). Elephant seal
genetic variation and the use of simulation models to
investigate historical population bottlenecks. J. Hered. 84,
443–449.
del Hoyo, J., Elliott, A. & Christie, D. (2006). Handbook of
the birds of the world, vol. 11: old world flycatchers to old
world warblers. Barcelona: Lynx Edicions.
Hudson, R.R. (1987). Estimating the recombination parameter
of a finite population model without selection. Genet. Res.
50, 245–250.
Hudson, R.R. & Kaplan, N.L. (1985). Statistical properties of
the number of recombination events in the history of a
sample of DNA sequences. Genetics 111,
147–164.
Hutchings, K. (2009). Parasite-mediated selection in an island
endemic, the Seychelles warbler (Acrocephalus sechellensis).
Norwich, UK: University of East Anglia.
IUCN (2015). Acrocephalus sechellensis- the IUCN Red List
of threatened species. Version 2015-1. http://
www.iucnredlist.org. Downloaded on 04 March 2015.
Jeffery, K.J.M. & Bangham, C.R.M. (2000). Do infectious
diseases drive MHC diversity? Microbes Infect. 2, 1335–
1341.
Jin, M.S. & Lee, J.O. (2008). Structures of the toll-like
receptor family and its ligand complexes. Immunity 29,
182–191.
Kaiser, P. (2007). The avian immune genome–a glass half-full
or half-empty? Cytogenet. Genome Res. 117, 221–230.
Kaiser, P. (2010). Advances in avian immunology–prospects
for disease control: a review. Avian Pathol. 39, 309–324.
Kalinowski, S.T. (2005). Hp-Rare 1.0: a computer program for
performing rarefaction on measures of allelic richness. Mol.
Ecol. Notes 5, 187–189.
Kawai, T. & Akira, S. (2010). The role of pattern-recognition
receptors in innate immunity: update on toll-like receptors.
Nat. Immunol. 11, 373–384.
Kimura, M. & Ohta, T. (1969). The number of heterozygous
nucleotide sites maintained in a finite population due to
steady flux of mutations. Genetics 61, 763–771.
Komdeur, J. (1992). Importance of habitat saturation and
territory quality for evolution of cooperative breeding in the
Seychelles warbler. Nature 358, 493–495.
Kosakovsky Pond, S.L. & Frost, S.D.W. (2005). Not so different
after all: a comparison of methods for detecting amino acid
sites under selection. Mol. Biol. Evol. 22, 1208–1222.
Kryazhimskiy, S. & Plotkin, J.B. (2008). The population
genetics of dN/dS. PLoS Genet. 4, e1000304.
Kuo, C.-H., Moran, N.A. & Ochman, H. (2009). The
consequences of genetic drift for bacterial genome
complexity. Genome Res. 19, 1450–1454.
Lachish, S., Knowles, S.C., Alves, R., Wood, M.J. & Sheldon,
B.C. (2011). Fitness effects of endemic malaria infections in
a wild bird population: the importance of ecological
structure. J. Anim. Ecol. 80,
1196–1206.
Lacy, R.C. (1987). Loss of genetic diversity from managed
populations: interacting effects of drift, mutation,
immigration, selection, and population subdivision. Conserv.
Biol. 1, 143–158.
Leffler, E.M., Bullaughey, K., Matute, D.R., Meyer, W.K.,
Segurel, L., Venkat, A., et al. (2012). Revisiting an old
riddle: what determines genetic diversity levels within
species? PLoS Biol. 10, e1001388.
Li, J., Li, H., Jakobsson, M., Li, S., Sjodin, P. & Lascoux, M.
(2012). Joint analysis of demography and selection in
population genetics: where do we stand and where could we
go? Mol. Ecol. 21, 28–44.
Librado, P. & Rozas, J. (2009). DnaSP v5: a software for
comprehensive analysis of DNA polymorphism data.
Bioinformatics 25, 1451–1452.
Luikart, G., Sherwin, W.B., Steele, B.M. & Allendorf, F.W.
(1998). Usefulness of molecular markers for detecting
population bottlenecks via monitoring genetic change. Mol.
Ecol. 7, 963–974.
Marchini, J., Cutler, D., Patterson, N., Stephens, M., Eskin,
E., Halperin, E., et al. (2006). A comparison of phasing
algorithms for trios and unrelated individuals. Am. J. Hum.
Genet. 78, 437–450.
Marzal, A., Garcıa-Longoria, L., Cardenas Callirgos, J.M. &
Sehgal, R.N. (2015). Invasive avian malaria as an emerging
parasitic disease in native birds of Peru. Biol. Invasions 17,
39–45.
Meyer, D. & Thomson, G. (2001). How selection shapes
variation of the human major histocompatibility complex: a
review. Ann. Hum. Genet. 65, 1–26.
Miller, H.C. & Lambert, D.M. (2004). Genetic drift outweighs
balancing selection in shaping post-bottleneck major
histocompatibility complex variation in New Zealand robins
(Petroicidae). Mol. Ecol. 13, 3709–3721.
Mitchell-Olds, T. & Schmitt, J. (2006). Genetic mechanisms
and evolutionary significance of natural variation in
Arabidopsis. Nature 441, 947–952.
Mukherjee, S., Sarkar-roy, N., Wagener, D.K. & Majumder,
P.P. (2009). Signatures of natural selection are not uniform
ª 2016 The Authors. Animal Conservation 20 (2017) 235–250 published by John Wiley & Sons Ltd on behalf of The Zoological Society of London. 247
D. L. Gilroy et al. TLR variation in the Seychelles warbler
across genes of innate immune system, but purifying. Proc.
Natl Acad. Sci. USA 106, 7073–7078.
Murrell, B., Wertheim, J.O., Moola, S., Weighill, T., Scheffler,
K. & Kosakovsky Pond, S.L. (2012). Detecting individual
sites subject to episodic diversifying selection. PLoS Genet.
8, e1002764.
Murrell, B., Moola, S., Mabona, A., Weighill, T., Sheward,
D., Kosakovsky Pond, S.L., et al. (2013). FUBAR: a fast,
unconstrained bayesian approximation for inferring selection.
Mol. Biol. Evol. Evol. 30, 1196–1205.
Nakajima, T., Ohtani, H., Satta, Y., Uno, Y., Akari, H.,
Ishida, T., et al. (2008). Natural selection in the TLR-
related genes in the course of primate evolution.
Immunogenetics 60, 727–735.
Nei, M. (1987). Molecular evolutionary genetics. New York:
Columbia University Press.
Nei, M. & Kumar, S (2000). Molecular evolution and
phylogenetics. Oxford, UK: Oxford university press.
Netea, M.G., Wijmenga, C. & O’Neill, L.A.J. (2012). Genetic
variation in toll-like receptors and disease susceptibility.
Nat. Immunol. 13, 535–542.
Nielsen, R. (2005). Molecular signatures of natural selection.
Annu. Rev. Genet. 39, 197–218.
Niskanen, A.K., Kennedy, L.J., Ruokonen, M., Kojola, I., Lohi,
H., Isomursu, M., et al. (2013). Balancing selection and
heterozygote advantage in MHC loci of the bottlenecked
Finnish wolf population. Mol. Ecol. 23, 875–889.
Ohta, T. (1995). Gene conversion vs point mutation in
generating variability at the antigen recognition site of major
histocompatibility complex loci. J. Mol. Evol. 41, 115–119.
Ohta, T. (2002). Near-neutrality in evolution of genes and gene
regulation. Proc. Natl Acad. Sci. USA 99, 16134–16137.
Oleksiak, M.F., Churchill, G.A. & Crawford, D.L. (2002).
Variation in gene expression within and among natural
populations. Nat. Genet. 32, 261–266.
van Oosterhout, C. (2009). A new theory of MHC evolution:
beyond selection on the immune genes. Proc. Biol. Sci.
276, 657–665.
van Oosterhout, C., Joyce, D.A., Cummings, S.A., Blais, J.,
Barson, N.J., Ramnarine, I.W., et al. (2006). Balancing
selection, random genetic drift, and genetic variation at the
major histocompatibility complex in two wild populations of
guppies (Poecilia reticulata). Evolution 60,
2562–2574.
Palti, Y. (2011). Toll-like receptors in bony fish: from
genomics to function. Dev. Comp. Immunol. 35, 1263–1272.
Piertney, S.B. & Oliver, M.K. (2006). The evolutionary ecology
of the major histocompatibility complex. Heredity 96, 7–21.
Piertney, S.B. & Webster, L.M. (2010). Characterising
functionally important and ecologically meaningful genetic
diversity using a candidate gene approach. Genetica 138,
419–432.
Pond, S.L. & Frost, S.D.W. (2005). Not so different after all:
a comparison of methods for detecting amino acid sites
under selection. Mol. Biol. Evol. 22, 1208–1222.
Pond, S.L., Kosakovsky, D.P., Posada, D., Gravenor, M.B.,
Woelk, C.H. & Frost, S.D.W. (2006). GARD: a genetic
algorithm for recombination detection. Bioinformatics 22,
3096–3098.
Potts, W.K. & Slev, P.R. (1995). Pathogen-based models
favoring MHC genetic diversity. Immunol. Rev. 143, 181–197.
R Core Team (2013). R: A language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.
Raymond, M. & Rousset, F. (1995). GENEPOP (version 1.2):
population genetics software for exact tests and
ecumenicism. Heredity 86, 248–249.
Richardson, D.L., Jury, F.L., Dawson, D.A., Salgueiro, P.,
Komdeur, J. & Burke, T. (2000). Fifty Seychelles warbler
(Acrocephalus sechellensis) microsatellite loci polymorphic
in Sylviidae species and their cross-species amplification in
other passerine birds. Mol. Ecol. 9, 2155–2157.
Richardson, D.S., Jury, F.L., Blaakmeer, K., Komdeur, J. &
Burke, T. (2001). Parentage assignment and extra-group
paternity in a cooperative breeder: the Seychelles warbler
(Acrocephalus sechellensis). Mol. Ecol. 10,
2263–2273.
Richardson, D.S., Burke, T. & Komdeur, J. (2002). Direct
benefits and the evolution of female-biased cooperative
breeding in Seychelles warblers. Evolution 56, 2313–2321.
Richardson, D.S., Burke, T. & Komdeur, J. (2003). Sex-specific
associative learning cues and inclusive fitness benefits in the
Seychelles warbler. J. Evol. Biol. 16, 854–861.
Roach, J.C., Glusman, G., Rowen, L., Kaur, A., Purcell,
M.K., Smith, K.D., et al. (2005). The evolution of
vertebrate toll-like receptors. Proc. Natl Acad. Sci. USA
102, 9577–9582.
Robertson, A. (1962). Selection for heterozygotes in small
populations. Genetics 47, 1291–1300.
Robertson, A. & Hill, W.G. (1984). Deviations from Hardy–
Weinberg proportions: sampling variances and use in
estimation of inbreeding coefficients. Genetics 107, 703–718.
Safford, R. & Hawkins, F. (2013). The birds of Africa, volume
8: the malagasy region. New York: Bloomsbury.
Schlenke, T.A. & Begun, D.J. (2003). Natural selection drives
drosophila immune system evolution. Genetics 164, 1471–1480.
Schnare, M., Barton, G.M., Holt, A.C., Takeda, K., Akira, S.
& Medzhitov, R. (2001). Toll-like receptors control
activation of adaptive immune responses. Nat. Immunol. 2,
947–950.
Schulze-Hagen, K. & Leisler, B. (2011). Reed warblers:
diversity in a uniform bird family. 1st edn. Zeist,
Netherlands: KNNV Uitgeverij.
Slade, R.W. & McCallum, H.I. (1992). Overdominant vs.
frequency-dependent selection at MHC loci. Genetics 132,
861–862.
Spurgin, L.G. & Richardson, D.S. (2010). How pathogens
drive genetic diversity: MHC, mechanisms and
misunderstandings. Proc. Roy. Soc. Lond. Ser. B. 277, 979–
988.
248 ª 2016 The Authors. Animal Conservation 20 (2017) 235–250 published by John Wiley & Sons Ltd on behalf of The Zoological Society of London.
TLR variation in the Seychelles warbler D. L. Gilroy et al.
Spurgin, L.G., van Oosterhout, C., Illera, J.C., Bridgett, S.,
Gharbi, K., Emerson, B.C., et al. (2011). Gene conversion
rapidly generates major histocompatibility complex diversity
in recently founded bird populations. Mol. Ecol. 20, 5213–
5225.
Spurgin, L.G., Wright, D.J., van der Velde, M., Collar, N.J.,
Komdeur, J., Burke, T., et al. (2014). Museum DNA
reveals the demographic history of the endangered
Seychelles warbler. Evol. Appl. 7, 1134–1143.
Steadman, D.W., Greiner, E.C. & Wood, C.S. (1990).
Absence of blood parasites in indigenous and introduced
birds from the Cook Islands, Pacific South. Conserv. Biol.
4, 398–404.
Stephens, M. & Donnelly, P. (2003). A comparison of
bayesian methods for haplotype reconstruction from
population genotype data. Am. J. Hum. Genet. 73, 1162–
1169.
Strand, T.M., Segelbacher, G., Quintela, M., Xiao, L.,
Axelsson, T. & H€oglund, J. (2012). Can balancing selection
on MHC loci counteract genetic drift in small fragmented
populations of black grouse? Ecol. Evol. 2, 341–353.
Sutton, J.T., Nakagawa, S., Robertson, B.C. & Jamieson, I.G.
(2011). Disentangling the roles of natural selection and
genetic drift in shaping variation at MHC immunity genes.
Mol. Ecol. 20, 4408–4420.
Tajima, F. (1989). Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics 123,
585–595.
Takahata, N. (1990). A simple genealogical structure of
strongly balanced allelic lines and trans-species evolution of
polymorphism. Proc. Natl Acad. Sci. USA 87, 2419–2423.
Takahata, N. & Nei, M. (1990). Allelic genealogy under
overdominant and frequency-dependent selection and
polymorphism of major histocompatibility complex loci.
Genetics 124, 967–978.
Takahata, N., Satta, Y. & Klein, J. (1992). Polymorphism and
balancing selection at major histocompatibility complex loci.
Genetics 130, 925–938.
Takeda, K. & Akira, S. (2005). Toll-like receptors in innate
immunity. Int. Immunol. 17, 1–14.
Tamura, K., Dudley, J., Nei, M. & Kumar, S. (2007).
MEGA4: molecular evolutionary genetics analysis (MEGA)
software version 4.0. Mol. Biol. Evol. 24, 1596–1599.
Tompkins, D.M. (2007). Population bottlenecks and avian
immunity: implications for conservation. Anim. Conserv. 10,
11–13.
Tschirren, B., Andersson, M., Scherman, K., Westerdahl, H.,
Mittl, P.R. & Raberg, L. (2013). Polymorphisms at the
innate immune receptor TLR2 are associated with Borrelia
infection in a wild rodent population. Proc. Biol. Sci. 280,
20130364.
Turner, A.K., Begon, M., Jackson, J.A. & Paterson, S. (2012).
Evidence for selection at cytokine loci in a natural
population of field voles (Microtus agrestis). Mol. Ecol. 21,
1632–1646.
Uematsu, S. & Akira, S. (2008). Toll-like receptors (TLRs)
and their ligands. Handb. Exp. Pharmacol. 183, 1–20.
Vasemagi, A. & Primmer, C.R. (2005). Challenges for
identifying functionally important genetic variation: the
promise of combining complementary research strategies.
Mol. Ecol. 14, 3623–3642.
Vinkler, M., Bryjova, A., Albrecht, T. & Bryja, J. (2009).
Identification of the first toll-like receptor gene in passerine
birds: TLR4 orthologue in zebra finch (Taeniopygia
guttata). Tissue Antigens 74, 32–41.
V€ogeli, M., Lemus, J.A., Serrano, D., Blanco, G. & Tella, J.L.
(2011). An island paradigm on the mainland: host
population fragmentation impairs the community of avian
pathogens. Proc. Roy. Soc. Lond. Ser. B. 278, 2668–2676.
Weir, B.S. & Cockerham, C.C. (1984). Estimating F-statistics for
the analysis of population structure. Evolution 38, 1358–1370.
Werling, D., Jann, O.C., Offord, V., Glass, E.J. & Coffey, T.J.
(2009). Variation matters: TLR structure and species-specific
pathogen recognition. Trends Immunol. 30, 124–130.
Westerdahl, H., Asghar, M., Hasselquist, D. & Bensch, S.
(2012). Quantitative disease resistance: to better understand
parasite-mediated selection on major histocompatibility
complex. Proc. Roy. Soc. Lond. Ser. B. 279, 577–584.
Willi, Y., Van Buskirk, J., Schmid, B. & Fischer, M. (2007).
Genetic isolation of fragmented populations is exacerbated
by drift and selection. J. Evol. Biol. 20, 534–542.
Worley, K., Collet, J., Spurgin, L.G., Cornwallis, C., Pizzari,
T. & Richardson, D.S. (2010). MHC heterozygosity and
survival in red junglefowl. Mol. Ecol. 19, 3064–3075.
Wright, D.J., Spurgin, L.G., Collar, N.J., Komdeur, J., Burke,
T. & Richardson, D.S. (2014). The impact of translocations
on neutral and functional genetic diversity within and
among populations of the Seychelles warbler. Mol. Ecol. 23,
2165–2177.
Yang, Z. & Bielawski, J. (2000). Statistical methods for
detecting molecular adaptation. Trends Ecol. Evol. 15, 496–
503.
Young, A., Boyle, T. & Brown, T. (1996). The population
genetic consequences of habitat fragmentation for plants.
Trends Ecol. Evol. 11, 413–418.
Zelano, B. & Edwards, S.V. (2002). An MHC component to
kin recognition and mate choice in birds: predictions,
progress, and prospects. Am. Nat. 160(Suppl.), S225–S237.
Supporting information
Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:
Figure S1. Observed and expected haplotype frequency
charts for each polymorphic toll-like receptor (TLR) locus
amplified in the Seychelles warbler.
Figure S2. Nucleotide and corresponding amino acid align-
ments for all polymorphic toll-like receptor (TLR) loci in the
Seychelles warbler. Single-nucleotide polymorphisms are
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highlighted in black and the corresponding translation is
shown highlighted in yellow below. Any sites inferred to be
under positive selection using PAML-based methods are
highlighted with an asterix of which a black asterix repre-
sents the FUBAR model and red for the mixed effects model
of evolution (MEME) model.
Figure S3. Maximum-likelihood trees for each toll-like
receptor (TLR) locus to show the relationship between alle-
les at each locus across different avian lineages. Bootstrap-
ping is applied to each relationship with 1000 repetitions
and the tree is drawn to scale, with branch lengths measured
in number of substitutions per site. Trees include all
sequences obtained for the Seychelles warbler (SW) and six
other Acrocephalus species [other warblers (OW)] and refer-
ence sequences of other passerines and non-passerine species
to root the trees.
Table S1. Primers and PCR annealing temperatures used to
amplify toll-like receptor (TLR) loci in seven Acrocephalus
species.
Table S2. Accession details for all external sequences used
in Supporting Information (Fig. S3) to construct maximum-
likelihood trees for each toll-like receptor (TLR) locus,
extracted from the National Centre for Biotechnology Infor-
mation (NCBI’s) database using the basic local alignment
search tool (BLAST).
Table S3. Comparison of the polymorphisms observed of
the exons encoding toll-like receptor (TLR) genes among
individuals from the bottlenecked Cousin island population
of Seychelles warblers (A. sechellensis). Comparisons include
amino acid changes from non-synonymous (dN) substitutions
and the resulting change in protein characteristic as one of
three categories: charged, polar and hydrophobic.
Table S4. Variation characterized within a contemporary
population of Seychelles warbler at 10 neutral microsatellite
markers (as published in Hansson & Richardson, 2005) and
at seven toll-like receptor (TLR) loci. Abbreviations: k (num-
ber of alleles), N (sample size), He (expected heterozygosity)
and Ho (observed heterozygosity).
Table S5. Haplotype-level tests for selection based on the
allele frequency spectrum for each toll-like receptor (TLR)
locus for the Seychelles warbler. Significant P-values are in
brackets.
Table S6. Generalized linear model (GLM) analysis with
haplotype diversity as the response variable and mainland/is-
land species status crossed with microsatellite (neutral)/toll-
like receptor (functional) loci as fixed factors. The interaction
term shows the rate of decline in allelic variation in islands
versus the mainland differs between the two types of genes.
Table S7. Z-tests of selection based upon dN/dS for each
toll-like receptor (TLR) locus for both the Seychelles warbler
(SW) and all other Acrocephalus species [other warblers
(OW)]: A. arundinaceus, A. australis, A. brevipennis, A. scir-
paceus, A. schoenobaenus and A. taiti. Significant P-values
are in brackets.
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